21 1. Stable isotopologues of water are a widely used tool to derive the depth of root water 22 uptake (RWU) in lignified plants. Uniform isotope composition of plant xylem water 23 (i-H2O-xyl) along the stem length is a central assumption, which has never been properly 24 evaluated. 25 https://doi.org/10.5194/bg-2019-512 Preprint. Discussion started: 23 January 2020 c Author(s) 2020. CC BY 4.0 License. 2. We studied the effects of diurnal variation in RWU, sap flux density and various other 26 soil and plant parameters on i-H2O-xyl within a plant using a mechanistic plant hydraulic 27 model and empirical field observations from French Guiana and northwestern China.
(
, is defined positive when entering the root). The current representation of the model 137 assumes no water loss via the root system and no mixing of the extracted water from different 138 soil layers within the roots until the water enters the stem base. When tree capacitance is 139 neglected, the sum of , across the entire root zone is equal to the instantaneous sap flow Where ki is the plant specific total soil-to-root conductance, ,0, is the water potential at the 143 base of the plant stem and , , is the soil water matric potential (Fig. 1a ). Total plant water 144 https://doi. org/10.5194/bg-2019-512 Preprint. Discussion started: 23 January 2020 c Author(s) 2020. CC BY 4.0 License. potential is generally defined as the sum of the pressure, gravity and matrix potential. Hence, 145 Ψ ,0, represents the xylem pressure potential. The term z i is the gravimetric water potential 146 necessary to lift the water from depth z i to the base of the stem, assuming a hydrostatic gradient 147 in the transporting roots. The model considers z i to be a positive value (zero at the surface) , thus 148 z i is subtracted from Ψ , , . AR,i is the absorptive root area distribution over soil layer i (Fig. 1a) . 149 This parameter can be derived from plant allometric relations (Čermák et al., 2006) which is 150 subsequently distributed over the different soil layers via Jackson et al. (1995) . 151 The total soil-to-root conductance is calculated assuming the root and soil resistances are where , is the soil conductivity at saturation and b and Ψ are empirical constants that 164 depend on soil type (here considered as constant through all soil layers). 165 Subsequently, . can be restructured as: where the root to soil water potential gradient is represented as ∆Ψ , = Ψ ,0, − (Ψ , , − ). Eq. (7) 170 This equation requires estimates of ∆Ψ , , which is preferably measured instantaneously in the 171 field (i.e. via stem and soil psychrometers for Ψ ,0, and Ψ , , , respectively). However, as 172 measurements of Ψ ,0, are not always available, estimated Ψ ,0, can be derived from sap flow where is the lag before ² ,0, reaches stem height h (Fig. 1a) 2) Analysis A2: impact of temporal SFt variation at different tree heights.
210
Temporal patterns in ² , within a tree at various sampling heights (5, 10 and 15 211 m). along the full height of a tree, measured at different sampling times (9:00, 11:00 and 215 13:00), with the standard parameterization given in Table S1 . in trees that differ solely in daily averaged SFV, which are set to 0.56, 0.28 and 0.14 219 m h -1 (respectively corresponding to SFS values of 0.08, 0.04 and 0.02 m h -1 ).
220
All parameters (e.g. RWU) of the four analyses are given in Table S1 .
221
Model runs for each analysis were compared to a null model. 246 We performed two sensitivity analyses to assess the relative importance of all parameters in 247 generating variance in δ 2 HX along the length of a plant. In both sensitivity analyses, we varied 248 model parameters one-at-the-time to assess the local sensitivity of the model outputs. The 249 sensitivity analysis provides insight into the design of field protocols, revealing potential key 250 measurements in addition to any caveats. 251 We first assessed model sensitivity to (bio)physical variables by modifying model 252 parameters of soil type, sap flow and root properties as compared to the standard 253 parameterization (given in Table S1 ). The following sensitivity analyses were considered: species specific values found in literature (Sands et al., 1982; Rüdinger et al., 1994; 272 Steudle & Meshcheryakov, 1996; Leuschner et al., 2004) .
273
The second set of sensitivity analyses test the impact of root hydraulics, sap flux density 274 and sampling strategies on the sampled δ 2 HX. We obtained 1000 samples per parameter from 275 corresponding distributions and ranges (given in Table S2 ) with a Latin hypercube approach 276 (McKay et al., 1979; McKay, 1988) . This is a stratified sampling procedure for Monte Carlo Individuals (Table 2) were selected based on assessment of climbable tree, intactness of 294 leafy canopy vegetation and close vicinity with one another to optimize similarity in 295 meteorological and edaphic characteristics. Liana diameters were measured at 1.3 m from the 296 last rooting point (Gerwing et al., 2006) , tree diameters were measured at 1.3 m (Table 2) .
297
Sampling was performed between 9am and 2pm to assure high sap flow. Liana and tree 298 sampling allowed highly contrasted sap flux density (Gartner et al., 1990) . At the stem base, simulated δ²HX,0,t displays a diurnal fluctuation ( Fig. 2 ) that corresponds to 368 the daily sap flow pattern (Fig. 2c ). This pattern is caused by shifting diurnal RWU depth. Early 369 in the morning, when transpiration is low, most of the RWU occurs in deeper layers, where soil 370 water potential is less negative and isotopic composition of soil water is dominated by depleted 371 deuterium ( Fig. S2a-b ). As transpiration increases during the day, a significant proportion of 372 RWU is extracted from the drier shallow layers, which have an enriched isotopic composition.
373
In the afternoon, as transpiration declines, isotopic composition reflects again the composition Analysis A1; Fig. 1a ) and at other potential sampling heights (e.g. branch collection; Analysis 389 A2; Fig. 1a ), are provided in Fig. 2a-b , respectively. Both analyses show that fluctuations in 390 δ²HX depend on the height of measurement and the corresponding time needed to move the 391 water along the xylem conduits. Note that it depends on the selected temporal resolution 392 whether the δ²HX-baseline drop at a given height equals the (stem base) minimum (here 1 min, 393 see Fig. S6 ). The relation between δ²HX variance and cumulative sap flow volumes is provided 394 in Fig. 2d . Here, the piston flow dynamics in SWIFT originate from lateral translation of the 395 δ²HX fluctuation at δ²HX,0,t. In addition to sampling height, analysis A3 depicts the importance 396 of sampling time (Fig. 1b) .
397
Analysis B outputs predict the occurrence and width of the δ²HX-baseline drop as a function 398 of SFV (Fig. 1c) . Moreover, depending on SFV, the isotopic signal can take hours or days to 399 travel from roots to leaves -as is also observed experimentally (Steppe et al., 2010) Both timing of measurement ( Fig. 3a) and SFV (Fig. 3b ) influence rooting depth estimates 407 derived via the direct inference and end-member mixing analysis method ( Fig. S2) deviating up to 104% from the average daily RWU depth (Fig. 3) . Plotting the relative error in 410 RWU depth as a function of time and SFV (Fig. 3c) shows that it is possible to time δ²HX 411 measurements in a fashion that captures unbiased estimates of the average RWU depth. Xylem 412 water sampling should be timed to capture the δ²HX that corresponds to water extracted at peak 413 RWU, and the expected sampling time can be derived by considering the time needed for the 414 water to reach the point of measurement (i.e. at 1.30 m in Fig. 3 Our sensitivity analyses shows that the expected absolute error in RWU depth assessment is representative δ²HX values during the day.
434
The volume of water taken up by the plant ( ; Fig. S4b ) affects xylem water potential of 435 the plant at stem base (Ψ ,0, ). Higher requires more negative Ψ ,0, , enabling the plant to 436 access more shallow and enriched soil layers. Therefore, an increase in results in the 437 increase of maximum δ²HX values (increased maximum error) but also results in a smaller width 438 of the baseline drop ( Fig. 1c ). Lower result in smaller error, but larger probability of 439 sampling an non-representative area (Fig. 1c ).
440
Root properties, i.e. root membrane permeability (Fig. S4c) 
Part B: Empirical exploration 445
The observed normalized deuterium isotope composition in xylem water (ε²HX) along the height 446 of lianas and trees showed strong intra-individual variance exceeding the null model by a factor 447 https://doi.org/10.5194/bg-2019-512 Preprint. Discussion started: 23 January 2020 c Author(s) 2020. CC BY 4.0 License. of 3.2 and 4.3 respectively ( Fig. 4a-b) . Specifically, differences up to 13.1‰ and 18.3‰ in δ 2 H 448 and 1.3‰ and 2.2‰ in δ 18 O are observed as intra-individual variances for trees and lianas 449 respectively ( Table 2) .
450
Similarly, excessive diurnal intra-individual δ²HX variances emerge in all considered 451 growth forms (Fig. 5 ). Observed maximums were 18.0‰, 21.0‰ and 25.2‰ in δ 2 HX for trees, 452 shrubs and herbs respectively ( Fig. 5; 2 .8‰, 6.8‰ and 6.5‰ in δ 18 OX in Fig. S5 ). The null Our model shows that basic plant hydraulic functioning will result in shifting mixtures of δ 2 HX 461 entering the plant (Fig. 1a-2a ). Daily Ψ ,0, fluctuations interact with the Ψ , , profile causing 462 different parts of the root distribution to be active during the day. The fluctuations in δ 2 HX at 463 the stem base propagate along the xylem with a velocity proportional to the sap flow and this 464 produces variability in sampled δ 2 HX that is much larger than the expected measuring error. In 465 addition, empirical field data show excessive i-H2O-xyl variance along the stem length (Fig. 4 ) 466 and over a short time frame (i.e. sub-daily, Fig. 5 ). Therefore, the assumption of uniform δ 2 HX 467 along the length of a lignified plant is rejected, both theoretically and empirically.
468
Consequently, rather than being static, δ 2 HX values along the height of a plant should be 469 considered a dynamic diurnal process. Importantly, we show that violation of this assumption results in incorrect assessment 471 of differences in RWU depths between plants. Differences do not necessarily result from 472 variability in RWU depth, but may result from monitoring plants at different heights (Fig. 2) , 473 at different times (Fig. 1b) or by comparing individuals which have different SFV (Fig. 1c ). Our 
General applicability of model and results

485
A necessary condition for diurnal shifts in RWU is the existence of a water potential 486 heterogeneity, e.g. more negative water potentials in the upper layers where trees usually have 487 higher root density, which causes a disproportional partitioning of diurnal RWU between deep 488 and shallow roots. Since such a gradient is formed when the upper soil layers undergo 489 evaporation, these conditions are also necessary for the existence of a soil isotopic gradient.
490
Thus, the problem we have identified is intrinsic to the isotopic tracing method for RWU 491 assessment.
492
Plant transpiration results from complex interaction between atmospheric demands (i.e. illustrates that these considerations are non-trivial.
506
Note that, based on our model, we expect that soil isotopic enrichment experiments will 507 generate extensive δ²HX variation along the length of trees whenever diurnal RWU fluctuations 508 cause water extraction to shift between labeled and unlabeled soil layers. Furthermore, when 509 enrichment experiments target trees with different hydraulic properties (such as SFV) care 510 should be taken as to determine when and where to sample these trees in order to assess an 511 enriched isotope composition. Researchers should be certain the signal will be present at the 512 sample height (Fig. 1-2) . et al. 1991) . We believe that our model provides a plausible simple explanation for diurnal i-519 H2O-xyl variation, which contributes to the variation that is observed empirically. Nevertheless, 520 the model necessarily represents a simplified representation of plant hydraulic functioning and 521 is therefore limited. There may be alternative causes that contribute to the observed intra-522 individual i-H2O-xyl variances. We discuss these here. alter i- H2O-xyl (White et al., 1985) . Additionally, time between water storage and release could 557 bridge multiple days, and corresponding isotopic composition may reflect different soil 558 conditions. It is evident that such dynamics are complex, and it is hard to predict how storage 559 tissue and phloem enrichment affect the i-H2O-xyl patterns observed here. the availability of SFt measurements allows for identifying the moment when water uptake from 575 all root layers is at its maximum, which can be used to determine the optimal timing of sampling 576 at a given height providing a more robust estimation of RWU depth and uptake.
577
Alongside the modeling and theoretical approach presented here, new ways to study 578 δ 2 HX at a high temporal scale are strongly encouraged. Table   835 S1. 
